INTRODUCTION
Urban sprawl has become a major concern for cities in developing countries such as India, where urban growth has far outpaced the planning interventions. The urban population of India, which currently accounts for 31.16% of the total population, is expected to reach 40% by 2030 (MGI 2010) . The past decade alone witnessed the unprecedented growth in number of census towns from 5161 in 2001 to 7935 in 2011. The term 'Urban sprawl' generally refers to the low density development beyond the borders of a city. "Sprawling", which means the spreading of urban area towards rural area surrounding it, is characterized by the scattered, unplanned and haphazard developments, often resulting into loss of open rural areas, single function settlements, automobile dependent societies, and inefficient land utilisation. Urban sprawl may be attributed to several factors, but the dominant amongst those are the excessive crowding of the cities, increase in land value, and inability of land to perform its functions, leading to immigration of the urban population and the functions to the suburbs. Measurement of sprawl therefore assumes greater significance not only towards revival of the unplanned and haphazard outgrowths, but also for improving the efficiency of land use, which has its repercussions on the health and well-being of urban population (Moghadam and Helbich 2013) . Space-based earth observation systems serve as a primary source of information for monitoring urban growth and measuring the extent of sprawl in cities due to its broad spatial coverage, repetitive and unobstructed updating capability, and selfconsistent measurements of physical properties (Miller and Small 2003) .
Multi-date remote sensing data has been widely used for mapping and monitoring of urban growth. While these studies are able to measure the physical growth of urban areas, they require further analysis in order to identify and quantify the pattern of sprawl and characterise it to investigate the sustainability of the spatial structure of cities, particularly its implications on the landscape fragmentation. Spatial metrics are thus used to numerically explain the spatial structure of a landscape. Galster et al (2001) classified urban sprawl based on eight dimensions: (1) density, (2) continuity, (3) concentration, (4) clustering, (5) centrality, (6) nuclearity, (7) mixed use, and (8) proximity. Ewing et al (2002) presented a sprawl index based on four sub-components, viz. Density, Mix, Centrality and Streets. Each of these sub-components further comprised of several parameters pertaining to urban morphology and socioeconomic data. Harold et al (2003) applied spatial metrics derived using FRAGSTAT, the landscape analysis tool developed by McGarigal et al (2002) , to assess the impact of urban development and analyze the spatial and temporal dynamics of urban growth in Santa Barbara, California. The study concluded that the sprawl is manifested in terms of an increase in fractal dimension, edge density and the number of patches, and the decrease in largest patch index and contagious index. Sudhira et al (2004) applied Shannon's entropy as a measure of degree of dispersion of built-up area, along with patchiness and map density to analyze the built-up area in Udupi-Mangalore region in Karnataka state of India. Angel et al (2007) introduced a comprehensive set of metrics for urban sprawl and applied the same on Bangkok and Minneapolis. They separated the urban fabric into five manifestations of urban sprawl viz. main urban core, secondary urban core, urban fringe, ribbon development and scattered development. The computation of urban sprawl metrics not only provide an insight into the aspects of sprawl that need to be addressed in urban planning, but also enable assessment of impact of spatial structure of cities on the urban environment.
The measurement of sprawl and its quantification using sprawl metrics can be used for characterising the urban sprawl. Harold et al (2003) , however cautions that the absolute values of landscape metrics depend upon spatial resolution, and the extent of the study area. Furthermore the correlation across multiple measures of sprawl (Sudhira et al 2004) is not desirable in estimation of composite urban sprawl index. The computation of urban sprawl metrics is further restricted by the availability of socio-economic and other ancillary data, which in Indian cities is largely limited to Census of India. This study intends to characterise the urban sprawl in Jamnagar city of Gujarat with a view to understand the dynamics of urban development in large Indian cities and the pattern of their growth. The study measures the growth of built up area and the type of new development in Jamnagar city at 1:25,000 scale using multi-date remote sensing data. Furthermore, by integrating sprawl with population data from Census of India, five dimensions of sprawl, namely density, continuity, concentration, clustering and centrality are computed for the years 2001 and 2011.
The paper is organized in to six sections. Section 1 introduces the concept of sprawl metrics along with few case studies of application of the metrics. Section 2 provides a brief account of the study area and its location. The data used for the study are listed in section 3. The methodology and equations used for the classification of new development and derivation of various dimensions of sprawl are given in section 4. The results of the sprawl metrics over Jamnagar city including characterisation of its growth are discussed in Section 5, which is followed section 6 concluding the major findings of the study and the possibility of application of the study in urban planning.
STUDY AREA
Jamnagar is the coastal city located south of the Gulf of Kutch in the Gujarat state of India as shown in Figure 1 . The city with population of 529,308 is the fifth largest city of Gujarat. Jamnagar, which was earlier known for the manufacturing of brass items, is now globally recognised for its Oil Refineries, notably the one owned by Reliance Industries Ltd. The city, with its 19 municipal wards is spread over 34.10 km 2 area. It is governed by Jamnagar Municipal Corporation. Jamnagar Area Development Authority (JADA) is primarily responsible for the preparation of development plan for Jamnagar Urban Agglomeration area, which in addition to Jamnagar Municipal Corporation also includes 26 villages of Jamnagar Taluka, thereby covering an area of 285 km 2 . 
DATA USED
The study utilized multi-date images primarily acquired by the Indian Remote Sensing Satellites. The Aft image of the high resolution stereo images acquired by CORONA satellite was also used for mapping urban extent for the year 1965. The details of the satellites, sensor, spatial resolution and date of acquisition of the images are provided in Table 1 . Primary Census Abstract published by the Census of India corresponding to year 1961 to 2011 was referred to obtain the demographic data. Village boundaries as mapped under the project Natural Resources Information System were obtained from the National (Natural) Resources Database (NRDB), through the National Natural Resources Management System (NNRMS) Portal (ISRO 2014). 
METHODOLOGY
The multi-date remote sensing data was used to map the extent of built-up land cover in the study area. All the satellite images of the study area were co-registered with the Geo-coded Ortho- The demographic data of all villages and urban areas in study area was obtained from the Census of India. The built-up area and population data was integrated in GIS environment to estimate net population density in each of the administrative unit using the equation (1).
where D i is net population density of i th administrative unit in persons per ha; P i and U i are the population and built-up area in i th administrative unit.
The study area was sub-divided into two grids, the main grid of 1000 m × 1000 m, referred as M grid, and the smaller grid of 500 m × 500 m, referred as S grid which is of the quarter-size of M grid. The built-up area, administrative boundaries with population, and grid were integrated in GIS environment and population in each grid was computed using equation (2). The grid-wise population is used to compute five dimensions of sprawl as given by Galster et al (2001) . Development density is estimated as ratio of total population to the developable land area within the study area as given by equation (3). where, T u and A u are the total population and total developable land area within the study area respectively. The continuity measures the degree to which the developable land has been built upon at urban densities in an unbroken fashion. The urban density in India is defined as 400 persons per km 2 . Thus the continuity is given as percentage of smaller grids which are developed at higher than urban density as given by equation (4). Concentration measures the degree to which the development is located disproportionately in few areas as against being uniformly distributed. It is measured as the proportion of grids with very high density. The coefficient of variation of density as given by equation (5) (5) Clustering attempts to quantify the degree to which development is tightly bunched so as to minimize the amount of land in each grid. The areas with low level of clustering tend to be uniformly spread all over the grid, and are thus considered as sprawls. The clustering index is estimated using equation (6). The centrality index measures the degree to which the developments are located close to the Central Business District (CBD). The CBD is of the city was identified as the oldest part of the city where most of the trade and commerce activities take place. The centrality dimension is computed using equation (7).
, ( (7) where F(k,m) is the distance of m th grid from CBD. The lower values of all these dimensions indicate the sprawl with regard to that particular dimension.
RESULTS AND DISCUSSION
The analysis of growth of Jamnagar city, quantification of the type of new development in the city and measurement of the dimensions of sprawl are discussed in the following sections. The growth trajectory of population of Jamnagar Municipal Corporation (including outgrowths) and the study area, and the built-up area in study region is shown in Figure 4 . The city witnessed population growth of 45% during 1991 to 2001 period primarily due to the installation of oil refinery by Reliance Industries during late 1990's. While there was a marginal decline in the construction activity in Jamnagar city during the 2000-2005 period, it gained momentum at the later part of the decade. The data at 1:25,000 scale was not available during the period from 1965 to 2000, and thus the actual growth trajectory during that period is also not known. 
Urban Growth
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The study area was divided into 400 grids of 1000×1000 m and 1511 grids of 500×500 m. The population in each-grid cell was computed using equation (2). The dot-density diagram of population distribution is shown in Figure 7 . The five dimensions of sprawl, namely density, continuity, concentration clustering, and centrality were computed for the year 2001 and 2011. It was observed that the density of study area, computed using equation (3) The concentration of population is indicated by the proportion of grids with very high population density. The high-population density grids are identified as the grids with population density more than the sum of mean grid-density and two times its standard deviation. Thus for Jamnagar, the grids with population density above 120 pph were considered as very high density grids. The study area had 6.28 % grids with very high population density in year 2001 which increased marginally to 6.81 % by 2011. The covariance index in population density as computed by equation (5) (6) were 0.43 to 0.41 respectively, shown very little variation. The centrality index, as computed from using equation (7), however showed significant decline from 5.05 in year 2001 to 4.82 in year 2011, further confirming the outwardly expansion of the city. The sprawl in Jamnagar city can be characterised by the low density and low concentration outwardly expansion of urban footprint. The observations are in line with the increase in proportion of leapfrogged development in the growth of city.
CONCLUSION
This study demonstrated the approach for measurement and characterization of urban sprawl using its multiple dimensions in the Jamnagar city. The remote sensing data provided repetitive and consistent measurements at 1:25,000 scale of the urban extent for the years 1965, 2000, 2005 and 2011 . The study observed that the city witnessed an annual growth of 1.60% per annum during the period 2000-2011 whereas the population growth during the same period was observed at below 1 % p.a. The new development in the city during 2000-2005 time period comprised of 22% as infill development, 60% as expansion at the peripheral urbanized areas, and 18% as leapfrogged development. However, during 2005-2011 period the proportion of leapfrog development increased to 28% whereas with the decrease in availability of developable area within the city, the infill developments declined to 9%. This continuous and uncontrolled increase in leapfrog development is a warning to expedite the pace of implementation of development plans in order to prevent the loss of rural open spaces, high costs of infrastructure development and extension, and fragmented urban structure. The development plan of the city should therefore address the need to increase densities in the city, encourage greater degree of concentration of population, and discourage developments away from the city.
